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Abstract

This study investigates lysine’s conformational behavior and thermal properties at the PBE0-GD3/Def2-TZVP level for
geometry optimizations and CCSD(T)/Def2-TZVP level of theory for the calculation of thermal population. Lysine
forms pseudocyclic conformations stabilized by hydrogen bonds between amino and carboxyl groups. We identified 36
conformers, split evenly between L- and D-lysine, with small energy differences between structures. When the pseudocy-
clic conformation is disrupted, the energy is highly affected. Lysine’s geometries are remarkably sensitive to temperature.
These findings highlight lysine’s temperature sensitivity and its potential for diverse applications. Its structural plasticity
across 0-1800 K suggests roles in material science, such as temperature-responsive semiconductor thin films, coatings,
sensors, catalysis through tunable active sites, and biomedicine for drug delivery or protein stabilization. The insights
provided by this study emphasize lysine’s versatility as a biomolecule and its implications for technological innovation

across multiple fields.
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1. Introduction

L-Lysine portrays unique structural and nucleophilic
characteristics. The lysine e-amino group is the most nu-
cleophilic after cysteine.! This allows it to participate in the
active sites of enzymes.>* Under physiological conditions
the lysil chain is less nucleophilic. Anyhow, environmental
effects can reduce the pKa thus increasing its reactivity.*
Its conformational distributions are highly affected not
only by pKa, but also by solvents and temperature. Mirti¢
and Grdadolnik® reported that the energy minima struc-
tures of poly-L-lysine (PLL) were highly dependent on
solvents. In the presence of water, PLL shows an extended
configuration, while ethanol and glycerol produce a more
compact structure. This study found that the configuration

of PLL is stabilized through the competition between the
formation of inter and intramolecular hydrogen bonds,
which varies from solvent to solvent. As well as solvents,
temperature plays an important role in its configuration.
Studies show that temperature changes in proteins with
lysine side chains cause them to modify their orientation
and hydrogen bonding.5- These structural changes both
in isolation and within proteins can have crucial implica-
tions for biological functions.®!°

Most works are dedicated to study L-amino acids
since they are more common in biological systems than
D-enantiomers.!'"13 Several studies for L-enantiomers
have been dedicated to their understanding. For instance,
Tulip et. al studied the structural and electronic proper-
ties of L-amino acids such as alanine, leucine, isoleucine
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and valine using DFT.!* Bowden et al. analyzed the solu-
bility in mixed solvents of L-amino acids.!® Lakhera et al.
performed a theoretical study on the spectral and optical
properties of essential L-amino acids such as histidine,
isoleucine, leucine and lysine.'¢ Aliyeba et al. studied the
electrolyte effects on the amino acid solubility.!” Liu et al.
used DFT to investigate the interaction between zwitte-
rionic amino acids and several metal cations in aqueous
solutions.!® Barria-Urrenda et al. studied the adsorption
of proteinogenic L-amino acids onto pristine graphene
using free-energy calculations to understand the thermo-
dynamic contributions and potential applications in pro-
tein-graphene interactions.!?

Although L-amino acids are more likely found in
nature, D-enantiomers are still present in various living
organisms. Particularly, they have been found in their free
form in the brain and nervous system, yet also in peptides,
proteins,?® bacterial cell walls*! and food sources.?? Spe-
cifically, D-lysine may play a part in neurotransmission
and perhaps in the control of certain diseases?>~2¢ such as
amyotrophic lateral sclerosis (ALS),?* schizophrenia?* and
cancer”. Only few works are dedicated to theoretically
study D-enantiomers. For instance, Poline et al. researched
the infrared signatures of proton-bound homochiral and
heterochiral dimers of five amino acids (serine, alanie,
threonine, phenylalanine, and arginine).2® Aliashkevich et
al. review the biological roles of D-amino acids and how
they influence bacterial physiology and biodiversity.?® Xu
et al. review the use of amino acids, including D-enanti-
omers for modifying the structure of natural products to
enhance biological activity or stability.>

Although there are theoretical studies on L-lysine,
none of them study both L- and D-lysine. Although Boeckx
et al.3! performed a temperature-dependent conformation-
al analysis, they did it at specific conditions. Besides, their
study used DFT and MP2 which could be more accurate
to describe the dispersion forces involved in these systems.
Therefore, we propose the study of D- and L-enantiomers,
exploring the temperature effects at a wide range of tem-
peratures (0-600 K), a more accurate high-level computa-
tional approach (PBE0-GD3/Def2TZVP without and with
PCM solvent (water) effects for geometry optimizations,
thermal population calculations, and the introduction of
the concept of pseudocyclic stabilization in lysine through
hydrogen bonds. Single point calculations at the CCSD(T)/
Def2-TZVP level were performed to compare the energies
with those at DFT level.

31,32

2. Theoretical Methods

2. 1. Computational Details

We employed the DFT ensemble procedure which
is valid for finite temperatures®® above OK to emulate ex-
perimental conditions. To inspect the potential free energy
surface, we utilized stochastic kick methodology imple-

mented in Bilatu software.’*3> Optimizations were per-

formed via ORCA software.?® Initial searches were at the
PBE0/*’"Def2TZVP3® level together with the Grimme dis-
persion correction GD3% integrated with the conforma-
tional search code (CSC). 960 conformers were generated
with random alteration of dihedral angles, as in other con-
formational search algorithms*® in Python included in the
global search of the GALGOSON code.*'*? We confirmed
that all structures are true minima through an analysis of
their harmonic vibrational frequencies analysis. Secondly,
we calculated single point calculations of energy minima
systems at the domain based local pair natural orbital cou-
pled cluster single, double and perturbative triples CCS-
D(T)*44/Def2-TZVP level of theory. Finally, we includ-
ed solvent effects using the polarizable continuum model
(PCM)* at the PBE0-GD3/Def2-TZVP level.

The thermochemistry properties were calculated
based on references.*¢~* The Boltzmann populations were
computed using a temperature-dependent statistical ther-
modynamics approach based on the molecular partition
function. Importantly, the free energy values were not
recomputed at each temperature via separate DFT calcu-
lations, but instead derived from a single set of vibrational
frequency calculations performed at 0 K. These frequencies
were then used to calculate temperature-dependent ther-
modynamic quantities—such as entropy and enthalpy-via
standard statistical mechanical formulas (under harmonic
oscillator and rigid rotor approximations). The Gibbs free
energy at any given temperature was then computed from
these quantities using G = H - TS and used to evaluate
Boltzmann populations using the following equation:

e-iBAGK

P(T) = 5 oTiFAGE (1)

Where is the Gibbs free energy difference of the i-th
isomer with respect to the lowest energy structure, and
= 1/kp T. The entropic contributions, including effects due
to molecular symmetry, were included, as they can signifi-
cantly affect relative populations at finite temperatures.

This approach is consistent with prior work on nano-
clusters*#250_ It has yielded physically meaningful results
across wide temperature ranges, and the vibrational con-
tributions (which dominate at low to intermediate temper-
atures) remain reliable under the harmonic approximation
up to about 600 K, which is the upper limit considered in
this study.

3. Results and Discussion

3. 1. Energy Minima Structures

Through our stochastic search for local minima on
the PES we obtained 30 conformations (See Table 1 and
Figs. S1 and S2 in the Supplementary Material). Fig.S1
displays energy minima structures calculated with PBEO-
GD3/Def2-TZVP. We obtained single point calculations
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for these same structures at the CCSD(T)/Def2-TZVP. Fi-
nally, Fig.S2 shows energy minima structures at the PBEO-
GD3/Def2-TZVP level with the PCM with water as sol-
vent. L- and D-enantiomers presented very similar energy
values.

For the case of no solvent, Fig. S1 shows the energy
minima geometries in order of increasing relative energy.
Structures 1-9 all display a pseudo-cyclic structure caused
by the formation of 2 hydrogen bonds. Structures 1, 3, 6
and 8 have a carboxyl group forming hydrogen bonds with
the 2 amino groups. Geometries 2, 4, 5 and 7 form one
hydrogen bond between the hydroxyl part of the carboxyl
group and the terminal amino group, and a second one
between the carbonyl part of the carboxyl group and the
middle amino group. Up to structure 8, the relative ener-
gy is of 1.602 kcal/mol. Thus, the energy differences be-
tween these structures is small. Structure 9 has a higher
energy difference, with a relative energy of 2.606 kcal/mol
for D-lysine and 2.610 for L-lysine. Although structures
9 also form 2 hydrogen bonds, but one of them is formed
differently than in the past structures. As in structures 1, 3,
6 and 8, one of the hydrogen bonds is formed between the
amino groups. However, the other one is formed between
the hydroxyl part of the carboxyl group and the terminal
amino group, instead of the middle one as in aforemen-
tioned structures.

Starting from geometries 10, an important energy
gap is observed, which is reflected in a loss of a hydrogen
bond that breaks the main pseudo-cyclic configuration.
The energy differences are of 6.000 kcal for L-lys and 6.304
kcal/mol for D-lys. From this point on, the terminal amino
group no longer forms hydrogen bonds. The only hydro-
gen bond formed is between the middle amino group and
the carboxyl group.

The single point energies at the CCSD(T)/Def2-TZ-
VP level, denoted as ECCSD(T), exhibit a clear energetic
trend that mirrors the stability observed in the DFT-opti-
mized structures. Structures 1 through 8 for both L- and
D-lysine remain within a narrow energy window (< 1.613
kcal/mol), highlighting the stabilizing effect of dual intra-
molecular hydrogen bonds characteristic of pseudocyclic
conformations. Structure 9, while still forming two hy-
drogen bonds, shows a marked increase in energy (=~3.525
kcal/mol), suggesting a less optimal bonding geometry.
A substantial energy gap is then observed starting from
structure 10, with relative energies between 9.636 kcal/mol
and 10.769 kcal/mol. This abrupt shift reflects the loss of
the second stabilizing hydrogen bond-particularly the one
involving the terminal amino group-leading to significant
conformational destabilization. These results reinforce the
crucial role of hydrogen bond topology in lysine's ener-
getic landscape and validate the importance of high-level
correlation methods like CCSD(T) for accurately assessing
conformational hierarchies.

The PCM water effects modified the geometries
slightly, as shown in Fig. S2. Simlarly to Fig. S1, we present
only 30 structures (1’-15" for both L and D enantiomers).
However, the effect on the energies was more noticeable
(see Table 1). The highest relative energy for structures
1’-9” was of 3.176 kcal/mol. There remains an energy gap
for structures 10’18 compared to those of 1’-9’. The rela-
tive energies range from 9.283-11.900 kcal/mol. The pseu-
docyclic configuration remains. Yet, it can be noted than
upon solvent effects, the most favored structures are those
that form one hydrogen bond between the hydroxyl part
of the carboxyl group and the terminal amino group, and
a second one between the carbonyl part of the carboxyl
group and the middle amino group. The only exception are

Table 1. Relative energies in kcal-mol™!. Epgg, stands for the relative energies with zero-point correction of
optimized structures at the PBE0-GD3/Def2-TZVP level; Eccgpry represents the energies at the CCSD(T)/
Def2-TZVP level and Epcy,, the energies using the PCM water effects at the PBE0-GD3/Def2-TZVP.

Structure Epgro Eccspn) Structure Epcum

L L L D L D
1 0 0 0.300 0.300 r 0 0
2 0.314 0.314 0.000 0.000 2 0.135 0.135
3 0.733 0.733 0.767 0.767 3 0.993 0.993
4 1.023 1.023 1.613 1.613 4 1.497 1.498
5 1.035 1.035 1.588 1.588 5 1.584 1.584
6 1.042 1.042 1.407 1.407 6 2.085 2.085
7 1.235 1.235 1.011 1.013 7 2.497 2.497
8 1.602 1.602 1.345 1.345 8 2.89 2.89
9 2.61 2.61 3.525 3.525 9 3.176 3.176
10 8.911 8.911 10.486  10.486 10 9.283 9.283
11 9.311 9.311 9.700 9.700 1r 9.786 9.786
12 9.577 9.577 9.636 9.636 12 9.799 9.799
13 9.924 9.924 10.560  10.560 13 10.364  10.364
14 9.948 9.948 10.273  10.273 14 10.805  10.805
15 10.095 10.095 10.769  10.769 15 11.095  11.095
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structures 4, which shares a very similar configuration to
structures 1. Following in energy are those structures that
form one hydrogen bond between the amino groups and
the other one between the middle amino group and the
carboxyl group.

3. 2. Thermal Properties
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ly, as we reported previously.®’ As temperature rises, the
probability of structures 2-L and 2-D start to reduce while
that of structures 1-L and 1-D increase.

At 188 K, structures 1 and 2 and their enantiomers
are equiprobable. A similar behavior has been observed for
arginine at 335K.* For the case of arginine, once the first
two structures and their enantiomers become equiproba-
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Fig. 1. Relative population for temperature 0-600 K at the PBE0-GD3/Def2TZVP level for a) L-lys and b) D-lys.

For simplicity, we selected the first 5 structures which
have the lowest relative energy values to analyze the trend
in relative population, as portrayed in Fig. 1. At temper-
atures below 188K, structures 2-L and 2-D are exponen-
tially more probable than structure 1-L and 1-D. Although
the geometry between structures 1 and 2 is only slightly
different, at low temperatures the degrees of freedom of
the molecules is the lowest. This implies that the intercon-
version of one geometry to the other has a low probability.
At higher temperatures, kinetic energy elevates, allowing
the interconversion of one geometry to another more like-
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ble, they keep being so up until around 1100 K. Lysine, on
the other hand, is more likely to be found as structure 2
below 188 K and above this temperature, switches to struc-
ture 1. In the relative population graph for Arg. (Fig. 3 in
ref.*?) through the whole domain of temperatures, there is
only 1 curve that crosses all of them. In contrast to Arg, in
Lysine€’s relative population graph, multiple curves cross at
different points. This shows a higher sensibility of Lysine’s
geometry towards temperature.

As shown in Fig. 2, upon solvent effects, structures
I’L and 1’D cross at around 400K with 2’L and 2’D. Any-

0.2
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200 300 400
Temperature (K)

0
0 100 500 600

Fig. 2. Relative population for temperature 0-600 K at the PBE0-GD3/Def2TZVP level with PCM solvent effects for a) L-lys and b) D-lys.
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how, they remain very similar in probability, in contrast to
Fig.3, where the absence of solvent effects drives the two
curves noticeably farther apart. The rest of the curves re-
main below those of 1 and 2, except for geometries 5’L and
5'D, which at around 381K become the highest in proba-
bility.

4. Conclusions

The main contributions for lysine’s stability are 2 hy-
drogen bonds among the amino groups and the carboxyl
group. This creates a pseudocyclic conformation. When
the terminal amino group does not form a hydrogen bond,
the main pseudocyclic structure is broken, which highly
affects the stability. This is shown in the relative energy val-
ues in Table 1. This is true for both models: without solvent
effects and with them. The main difference lies in a pref-
erence for certain interactions in the structures with the
PCM water effects. It favors those structures that form a
hydrogen bond between the hydroxyl part of the carboxyl
group and the terminal amino group, and a second one
between the carbonyl part of the carboxyl group and the
middle amino group.

High-level single point calculations at the CCSD(T)/
Def2-TZVP level confirmed the energetic trends predicted
by DFT, emphasizing the critical role of dual intramolecu-
lar hydrogen bonds in stabilizing pseudocyclic conforma-
tions. The marked energy gap observed upon disruption
of these interactions further underscores their relevance in
determining the conformational hierarchy of lysine.

The geometries are also sensitive to temperature.
Different geometries compete, which means that through-
out the wide range of temperatures (0-600 K), lysine can
be found as a mixture of structures. In the presence of wa-
ter, this also happens. Yet, the temperature at which geom-
etries interconvert is higher. Without solvent, they inter-
convert at around 188K, while under the effect of water,
at 381K.

Lysine's structural adaptability across a wide tem-
perature range presents opportunities in diverse fields.
In material science, it could enable temperature-re-
sponsive semiconductor thin films, coatings, biosen-
sors, or nanotechnologies. In catalysis, lysine's versa-
tility may facilitate temperature-tunable or stabilizing
roles in reactions. Pharmaceuticals and biotechnology
could benefit from lysine-based smart drug delivery
systems, protein stabilizers, or bioengineered polymers.
It also holds promise in the food industry for temper-
ature-sensitive nutrient release, in energy applications
as high-temperature sensors or CO, capture materials,
and in structural biology for studying protein folding
and molecular interactions. These applications leverage
lysine's resilience, biocompatibility, and dynamic struc-
tural properties, making it valuable in innovation across
disciplines.
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Ta $tudija raziskuje konformacijske in termokemijske lastnosti lizina z uporabo kvantno kemijskih ra¢unskih metod na
ravni teorije PBE0-GD3/Def2-TZVP za optimizacijo geometrije in CCSD(T)/Def2-TZVP za izratun termi¢nih korekcij
potencialne energije. Lizin tvori psevdocikli¢ne konformacije, stabilizirane z vodikovimi vezmi med amino in karbok-
silnimi skupinami. Identificirali smo 36 konformerov, enakomerno razdeljenih med L- in D-lizin, z majhnimi razlikami
v energiji med strukturami. Ko je psevdocikli¢na konformacija prekinjena, to mo¢no vpliva na energijo. Konformacije
lizina so izjemno obcutljive na temperaturo. Ugotovitve poudarjajo temperaturno ob¢utljivost lizina in njegov potencial
za raznolike uporabe. Njegova strukturna prilagodljivost v obmocju od 0 do 1800 K nakazuje na potencialno uporabo
v materialih, kot so temperaturno odzivne tanke plasti polprevodnikov, premazi, senzorji, kataliza prek nastavljivih ak-
tivnih mest ter v biomedicini za dostavo zdravil ali stabilizacijo proteinov. Vpogledi, ki jih ponuja ta $tudija, poudarjajo
vsestranskost lizina kot biomolekule in njegovo mozno uporabo za tehnoloske inovacije na razli¢nih podro¢jih.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the
Creative Commons Attribution 4.0 International License

Avila-Sierra et al.:  Theoretical Study of the Stabilization of Lysine Through

387


https://doi.org/10.3390/molecules27154870
https://doi.org/10.1021/acs.jcim.3c00418
https://doi.org/10.1023/A:1016031014871
https://doi.org/10.1007/s00018-010-0571-8
https://doi.org/10.3390/nu11092205
https://doi.org/10.3390/ijms21176197
https://doi.org/10.1007/s00726-013-1590-1
https://doi.org/10.1016/j.jchromb.2011.06.028
https://doi.org/10.3390/ijms21197325
https://doi.org/10.3390/cancers14020346
https://doi.org/10.1002/chir.23165
https://doi.org/10.3389/fmicb.2018.00683
https://doi.org/10.1021/jp306916e
https://doi.org/10.1038/s41598-022-24109-5
https://doi.org/10.3389/fchem.2019.00106
https://doi.org/10.1002/jcc.10407
https://doi.org/10.1002/wcms.81
https://doi.org/10.1063/1.478522
https://doi.org/10.1039/b515623h
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.20798
https://doi.org/10.3390/molecules26133953
https://doi.org/10.3390/ma14010112
https://doi.org/10.1063/1.4821834
https://doi.org/10.1021/cr9904009
https://doi.org/10.1002/9783527690497
https://doi.org/10.1007/978-0-387-46312-4
https://doi.org/10.17344/acsi.2023.8435
https://doi.org/10.3389/fchem.2022.841964

